Using an ablative thermal/material response code, the importance of three-dimensionality for modeling ablative test-article is addressed. In particular, the simulation of the pyrolysis gas flow inside a porous material is presented, using two di↵erent geometries. The e↵ects of allowing the gas to flow out of the side wall are especially highlighted. Results show that the flow inside the test-article is complex, and that the 0D or 1D assumption made in most Material Response (MR) codes might not be valid for certain geometries.
are not necessarily valid, and that the geometrical e↵ects are non-negligeable. Although more validations are needed, the present analysis clearly demonstrates the need for three-dimensional calculations.
II. Numerical Framework
The Material Response (MR) solver is build using a the general computing framework KATS currently being developed at the University of Kentucky. 18, 19 The code uses the popular CGNS format for the computational grid and takes advantage of parallel computing through domain decomposition (ParMETIS) and MPI. To solve the large sparse linear system, the code is linked to the PETSc library.
The governing equation solved in the code have the following general form:
where Q is the vector of conservative variables, F and F d are respectively convective and di↵usive face flux, and S is the source term in general. Taking a second order finite volume approach and fully implicit backward Euler time integration, the above equation becomes
where V is the volume of the cell, t the time step, and P is the primitive variables vector. The right hand side of the equation, represented by R, is defined as
where A is the face area and n is the face normal direction. Note that Eq. (2) directly solves the update of primitive variables, which are usually physical quantities. Therefore, the physical variables are readily available and used for updates, while preserving a conservative formulation.
III. Proposed models
The Material Response (MR) code developed in this work solves gaseous and solid mass, momentum and overall energy equations. The governing equations, in the context of Eq. (1) and (2) , can be represented by the following vectors and matrices. . . .
Here, the pyrolysis gases are assumed to be in chemical equilibrium, and are therefore modeled as one single entity. Thus, there is only one equation for the mass conservation of pyrolysis gas. Note that the properties of pyrolysis gas (e.g. viscosity, heat capacity, enthalpy, etc.) are obtained from equilibrium table. is porosity, which is modeled as a function of total solid density. For solid species, a phenomenological three-component model is used. 4 The total solid density is therefore computed using
where i is the volume fraction of species i in the virgin composite. Since it is impossible to measure the material properties during charring process, the intermediate state is interpolated from the virgin and char states. The solid decomposition rate of each component can be evaluated by performing a temporal derivative of Eq. (6) @⇢
The decomposition rate of each constituent is given by
where subscript v and c are respectively for the virgin and charred states of the solid material. The solid decomposition and pyrolysis gas generation balance themselves, thus ensuring total mass conservation:
Flow through porous medium Flow through porous medium is often modeled with Darcy's law. 20 In this work, the gas momentum is solved as distinct momentum conservation in the governing equations. The di↵usive e↵ect of porous media is treated as a source term in each direction of the equation, that is D x , D y , and D z , as depicted in Eq. (4). These terms, in general, may be calculated by solving the following linear equation: 0
where F o is Forcheimer number which accounts for high velocity e↵ects at the pore scale. The 3 by 3 matrix on the left hand side is the anisotropic tensor of solid permeability. It is to be noted that, using this formulation, if the flow is steady, and that the Forcheimer number is very small, the whole momentum equation simply becomes Darcy's Law. Finally, as is the case with the viscous momentum fluxes, the viscous energy fluxes are moved to the source term, and are given by S D = uD x + vD y + wD z . In this present work, however, this source term is neglected.
Conductive heat transfer
The conductive heat flux, as appeared in F d of Eq. (5), is also given in a general anisotropic fashion as following:
IV. Test Cases Description
IV.A. Material model
The material model use to perform the simulation presented below is known as TACOT (Theoretical Ablative Composite for Open Testing). 21 TACOT, a low-density theoretical carbon ablator, has similar properties to the PICA; 1 most importantly, it has a very comparable porosity and permeability. The charring process of TACOT is modeled with a phenomenological three-component decomposition model, thus giving three solid mass balance equations and a total of eight equations to solve. For results presented here, in an attempt at simplifying as much as possible the problem, all material properties are isotropics.
IV.B. Geometry and boundary conditions
The first test case presented is a direct extension of the 1D assumption to 3D. The geometry is therefore a cylindrical shape test piece. The mesh used for this run is presented in Fig. 1 . The diameter and the height of the cylinder are both 10 centimeters. The top surface is subjected to a uniform heat for 40 seconds, at which point the heat is removed. The bottom wall and the side wall, in this case, are adiabatic and impermeable. The pressure boundary condition is set to be constant. The second test case is identical to the first one, with the sole exception that the side wall is permeable. Therefore, the pyrolysis gases are free to move in and out through the side wall boundary.
The third test case uses a slightly modified version of the Iso-Q geometry as a geometry, proposed by van Eeckelen et. al. 22 In this adapted version, the top surface, the one exposed to the heat flux, is represented by an ellipse arc. Figure 2 shows the sizes of cylinder and Iso-Q shape used in all of the test cases. Since the problem is axisymmetric, the simulation is performed in two-dimensional. The mesh for Case 3 is depicted in Fig. 3 : both sides of the symmetry axis are shown, for illustrative purposes. The non uniform heat flux, illustrated in Fig. 4 , is obtained through a CFD simulation.
22 Again, the heat is removed after 40 seconds. The pressure however, is uniform in this case.
The fourth test case is identical to the third, although the side wall is now impermeable. It uses the same geometry, mesh and applied heat flux as in third test case.
The fifth test case explores the e↵ect of non-uniform pressure boundary condition. The pressure distribution shown in Fig. 4 is applied, in addition to the heat flux distribution. Also, a 20-second linear ramping is used to prevent the atmospheric gas from being immediately pulled out through the sample, which causes numerical problems. The ramping of both heat flux and pressure are presented in Fig. 5 . Figure 3 ). In computations, please let vary the heat transfer coefficient (Ch), but not the edge enthalpy. Two test-cases will be run with isotropic material properties, namely:
• 3.0: a 2D-axisymmetric model with an isotropic version of TACOT without ablation, as in test-case 2.1 (h w is read from the B c table but B c is artificially taken equal to zero). This test is a non-physical test only meant to help code developers calibrate their codes before going into the model/code comparison, and may be skipped. Results for all type-2 codes are expected to be identical.
• 3.1: the same test but including ablation -and therefore, recession.
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V.A. Side wall e↵ects
To demonstrate the pyrolysis gas flow behavior, streamline curves are used as indication of the flow patterns. The contours ofṁ 00 = ⇢ g |V| are also plotted to provide momentum transport information. For the first two test cases, the streamline plots taken at the y = 0 slice are presented in Fig. 6 for 20 sec, 40 sec, and 60 sec. Notice that the streamlines are significantly di↵erent in these two cases. The streamlines in the first test case are all straight and parallel, pointing upwards. This indicates the pyrolysis gas only blows from the front. This is analogues to one-dimensional models and results, since the equation set used to represent the pyrolysis gas momentum is Eulerian-type, using which the wall boundary condition is slip (this is, of course, a sound assumption for porous media, as the non-slip occurs at the surface of the pores, not at the surface of the test-piece). As a result, the simulation of Case 1 should be, and is, exactly the same as a 1D case. In Case 2, where the side walls are permeable, the streamline shows strong blowing through the side walls. The portion of gas momentum blowing through front is small in scale compared with the amount that leaves from the sides.
The di↵erence in the pressure distribution for these two test-cases are presentend on Fig. 7 . As expected, the pressure for Case 1 (left) is identical to the one computed using 1D codes. However, the pressure distribution for the case of the impermeable side is very di↵erent. As the pyrolysis gas is formed, instead of being pushed up and down, the gas immediately leaves the samples from all sides. This prevent the pressure build up, and therefore, gas mass accumulation.. This behavior therefore clearly contradict the 1D assumption usually made in most MR code. Figure 8 shows the normal mass flux, defined asṁ = ⇢ g V · n, over surface length of the test specimen geometry of Case 1 and Case 2. As can be clearly seen from Fig. 8(b) , the highest pyrolysis gases mass blowing point is on the side, instead of the front. The mass flux blowing from the front is considerably less significant than from the side, especially considering the total mass flux is the surface integral of the cylindrical-like shape. For the 1D model, represented in Fig. 8(a) , the largest and only amount of mass flux is from the front, because all side blowing e↵ects are inherently neglected due to lack of dimensions.
For the Iso-Q cases, namely Case 3 and Case 4, even more geometry e↵ect are taken into account. Similarly to the previous sets,ṁ 00 contour plots with streamlines are presented in Fig. 9 . The plots on the left, which corresponds to the results using permeable side, are again very di↵erent then the impermeable side case on the right. As is shown in Fig. 9(c) , a strong momentum transport layer takes place right below the charring front. This transport shows the pyrolysis gas goes inside of the material and rounds toward the sides, since the back wall is still impermeable. For the impermeable case, the streamlines in Fig. 9 (b), 9(d) and 9(f) show that the pyrolysis gases flux can only exit at the ellipse curve front. Even though the profile is generally flat, there is a peak on the outer ring of the Iso-Q geometry, indicating the gas mass flows through the two ends of the geometry. This can also be implied by Fig. 11 , in which surface mass flux are displayed for Case 3 and Case 4. Fig. 10 shows the pressure distribution inside the test-samples. As expected, the impermeable side causes a pressure buildup inside the sample, as was the case with the cylinder. Figure 11 (a) clearly shows the highestṁ takes place on the sides, not front. In particular, the peak pyrolysis mass flux is located right below the shoulder region, and it quickly tails down as the side wall goes to the end. The behavior of impermeable side case, however, is completely di↵erent. It starts from a relative flat blowing mass flux at the front, decreases slightly and as it reaches the end of Iso-Q curve, increases tremendously. Taking the surface integral of the mass flux along the geometry yields the mass blowing rates from front and side, as is shown in Table 1 . For the permeable side Iso-Q case, more than 50% of the mass blows from the side. This percentage increases to more than 70% at 40 seconds. In the case of the impermeable side, as expected, all of the gases can only flow through the front. Also note that comparing only the mass flux on the front surface, the values of blowing mass flux is still higher in the permeable side case. The reason for this behavior is not quite understood yet, and is most probably caused by combined e↵ect on pressure, temperature, pyrolysis front velocity and pyrolysis gas generation. The impermeable case is intuitively expected to blow more due to the pressure build up, but the results are actually the opposite. As can be seen on Fig. 11(b) , the mass flux is low from L =0 to 0.045, and then climbs up from about 0.045 to the end. When integrating this curve, however, the L = [0, 0.045] domain consist of most of the surface area; the high max flux region is only integrated over a very narrow surface "ring", thus making the overall integral less than permeable case. Also, when looking at the charring front of the two cases, the charring layer of permeable case is thicker than the impermeable one. This leads to more pyrolyzing and therefore more gas is generated (although it is not necessarily blowing at the front surface).
V.B. E↵ect of non-uniform pressure boundary condition
The e↵ect of non-uniform pressure boundary condition is explored by comparing the results of Case 3 and Case 5. The mass flux isocontours with streamline are presented in Fig. 12 . As for the pressure distribution, presented on Fig. 13 , Case 5 is relatively similar to Case 3, apart from the fact that the variable pressure on the side causes di↵erence within the depth of the sample.
It is to be noted that in Case 5, the pyrolysis gas momentum transport near shoulder region is slightly higher than in Case 3 and the blowing through the front is further weakened. This is because the pressure distribution tends to drive the pyrolysis gas from the front to the side if there is no in-depth decomposition. Also, due to this pressure boundary condition, the behavior of the blowing mass flux on the surface is quite interesting, as depicted in Fig. 14 . The blowing mass flux is oscillating on the front surface and there is even atmospheric gas intake near the shoulder region of the geometry. Moreover, the mass flux is roughly an order of magnitude lower than Case 3.
This exploratory result clearly shows the importance of pressure distribution on the boundary. However, it is not trivial to fully investigate its behavior without accounting for the surrounding (boundary-layer) flow field interaction. Therefore, a fully coupled approach, where the atmospheric flow field is considered and calculated, is more likely needed.
VI. Summary and Conclusion
A three-dimensional material response code has been developed and tested on various geometry. Results have shown the capability of solving di↵erent three-dimensional charring ablative problems. Specifically, the pyrolysis gas flow inside of the charring ablative material is extensively considered. As expected, the mass flux at the surface is significantly di↵erent between 1D and multi-dimensional models. Instead of blowing from the front surface, the majority of gas mass flow goes through the side wall. For Iso-Q models, even if the wall is impermeable, most of the gases leave the sample from the side, due to the geometry e↵ects. Therefore, the boundary layer e↵ects in arc-jets might be di↵erent than currently assumed, and this e↵ect becomes more important in smaller samples. Moreover, samples with impermeable side wall might not be able to correctly reproduce the interactions between the pyrolysis gas and the solid matrix while traveling inside the ablators. 
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